Abstract Dillwynia tenuifolia Sieber ex DC. is a vulnerable species endemic to the Sydney region in Australia. This investigation focused on the breeding system and genetic structuring of the species in locations encompassing its entire geographical range. A field pollination experiment showed that D. tenuifolia produced fruit from both self-and cross-pollination events, and thus has a facultative breeding system. Fruiting success from selfpollination was approximately half that observed from cross-pollination. The genetic structure of D. tenuifolia populations was investigated by using allozyme electrophoresis. A survey of 16 loci revealed a high level of genetic variation with approximately two-thirds of the loci being polymorphic and a mean of 1.84 alleles per loci. The genotype frequencies deviated from the Hardy-Weinberg equilibrium, with the observed level of heterozygosity significantly less than expected. The inbreeding coefficient was 0.31. There was very little divergence between populations (FST = 0.04) but the fixation indices were high within populations. Spatial autocorrelation, using Moran's I, showed that neighbouring plants were closely related (I > 0.4). The genetic neighbourhood and effective population size in the species were estimated at one location as 1.1 ha and 10 4 plants, respectively.
INTRODUCTION
The long-term management and conservation of plants, particularly rare and threatened species, requires an understanding of the population biology and genetic structure of the species being managed (Godt et al. 1994) . The relative proportions of the available genetic variation distributed within and between populations hold important implications for conservation programs.
Theoretical predictions about the genetic implications of rarity in plants are based on the effect of small population sizes and limited environmental amplitude on the amount and distribution of genetic variation. Expectations are that rare plant species will have low species-level variation relative to related common species as a result of genetic drift and inbreeding (Barrett & Kohn 1991) .
Studies of spatially restricted dispersal in a wide variety of plant species have led to the prediction that such plant populations will often be genetically divergent on a local scale, as a result of spatial variation in selection and/or local-scale genetic drift (Ellstrand & Elam 1993) . Environmental variation can generate significant spatial genetic structuring of genotypes in plant populations that occupy habitats that are patchy (Kruckeburg & Rabinowitz 1985; BlackSamuelsson & Andersson 1997) . The effects of isolation by distance on the internal structuring of plant populations are less well studied (Heywood 1991) .
The breeding system in plants has a major effect on the genetic variation and genetic structure within and among populations. Outcrossing species tend to be more genetically variable and have less genetic differentiation among populations, whereas selfing species will have less genetic variation, but more local genetic structure and divergence among populations (Hamrick & Godt 1996) .
Breeding systems in plants directly affect gene flow, through pollen movements and pollen specificity. Plant breeding systems may be obligate selfing, obligate out-crossing or facultative, with various levels of self-incompatibility. Theoretically, species will be predominately outcrossing or selfing to avoid inbreeding and outbreeding depression, respectively. However, many plant species have a facultative breeding system (Schemske & Lande 1985; Lundqvist 1991) .
Dillwynia tenuifolia, the subject of the present study, has a restricted distribution, and has been classified as vulnerable (ANZECC 1993) , but is considered to be adequately conserved (Briggs & Leigh 1996) . The major threats to this species are through loss of habitat from clearing for urban and agricultural development, inappropriate fire regimes and rubbish dumping.
The aim of the present study was to investigate the breeding system and the population genetics of D. tenuifolia. The breeding system was determined Austral Ecology (2002) 27, [241] [242] [243] [244] [245] [246] [247] [248] Breeding system and population genetics of the vulnerable plant Dillwynia tenuifolia (Fabaceae) from a field pollination experiment and, independently, from a study of genetic variation within populations. Allozyme electrophoresis was used to determine the level of genetic variation, the amount of genetic divergence among populations and the genetic structuring within a population.
METHODS

Species and field sites
Dillwynia tenuifolia is a fire-sensitive (Auld 1996) , perennial, woody, leguminous shrub (Harden 1991) . Flowering occurs sporadically throughout much of the year, with a peak in flower production from August to October. Flowers are hermaphroditic and protandrous, and are commonly found individually on lateral branchlets. Seeds mature in December when they are released into the soil.
Dillwynia tenuifolia is an endemic species that forms large populations within a restricted geographical range and specific habitat (predominately the Castlereagh Ironbark Forest (9e); (Benson 1992) 
Pollination experiment
Treatments
Dillwynia tenuifolia plants were randomly allocated into one of four pollination treatments. 1. Open: individual flowers were tagged with cotton wool, left unbagged and unmanipulated.
2. Closed: individual flowers were covered with bags (1.5 cm ϫ 3 cm) made from Quarentee Mesh (PVC pore size < 0.1 mm) and left unmanipulated. 3. Self: individual flowers were emasculated (by removing their petals and stamens), the stigma was brushed with pollen from the flower's own stamens using a clean fine 0.1-mm paintbrush (brushes were cleaned with 70% ethanol, washed in dH2O and allowed to dry before re-use) and then bagged. 4. Cross: individual flowers were emasculated, any pollen on the stigma was removed and cross-pollen (collected <2 h prior to treatment) was applied to the stigma with a clean paintbrush and then bagged. Cross pollen was collected from three D. tenuifolia plants >30 m from the plant being treated. Prior to bagging treatments 3 and 4 the stigma was examined under ϫ10 magnification to ensure the successful transfer of pollen to the stigmatic surface. In all four treatments, flowers were selected that opened on the day of the treatment, to minimize pollination by other vectors.
Experimental design
The experiment was established at three locations (Agnes Banks, Castlereagh and Londonderry; Table 1 ). At each location two sites (100 m ϫ 100 m) were randomly selected. Within each site two quadrats (10 m ϫ 10 m) with 10-20 reproductive plants available were randomly selected. Two plants per treatment were randomly selected in each quadrat (i.e. eight plants per quadrat). Each plant had 15-20 flowers randomly selected and allocated to the prescribed treatment (a total of 1632 flowers were treated).
The pollination treatments were all completed in mid-September 1998, coinciding with the peak flowering period for D. tenuifolia. Matured fruits were collected in December 1998 and the percentage fruit-set (defined as the percentage of treated flowers that produced mature fruits) was recorded for each treated plant. Fruit-set was used as a measure of pollination success as it is equivalent to seed-set, because only one seed is usually produced per flower in this species.
Seed viability
The tetrazolium test (Lakon 1949 ) was used to determine the viability of D. tenuifolia seeds. Seeds were collected from each of the pollination treatments (Open, Closed, Self and Cross) at the three locations investigated (Agnes Banks, Castlereagh and Londonderry). At each location seeds were scored for viability (n ranged from 10 to 50 depending on seed set in each treatment). Seeds were soaked in distilled water (dH2O) for 20 h. The hard seed coat was then punctured and seeds were submerged for 24 h at 30°C in a 1% tetrazolium chloride solution. The seeds were then cut longitudinally, examined under a dissecting microscope and scored for viability (viable = majority of the embryo stained pink).
Genetic analysis
Allozyme electrophoresis
The sample material (seedling cotyledon) was placed in a sterile microcentrifuge tube with 50 µL of lysis buffer (containing NADP, ␤-mercaptoethanol and Triton X-100), and then each sample was crushed. The tubes were centrifuged at 2000 g for 10 min and the supernatant applied onto cellulose acetate gel (Cellogel); two applications were required to provide sufficient enzyme activity. The gels were run at 150 V at 4°C for 1 h, giving good resolution and separation of bands. Gels were stained using reagents modified from Richardson et al. (1986) .
Each day fresh samples were prepared and stored on ice until used. The following 13 enzymes with a relativity high level of activity were investigated: alcohol dehydrogenase (ADH, EC 1.1.1.1 (Enzyme Commission number)); adenylate kinase (AK, EC 2.7.4.3); diaphorase (DIA, EC 1.6.*.* (enzyme system undefined)); aspartate aminotransferase (GOT, EC 2.6.1.1); glyceraldehyde-3-phosphate dehydrogenase (µGPD, EC 1.1.1.8); glucose-phosphate isomerase (GPI, EC 5.3.1.9); alanine aminotransferase (GPT, EC 2.6.1.2); isocitrate dehydrogenase (IDH, EC 1.1.1.42); mannose-phosphate isomerase (MPI, EC 5.3.1.8); peptidase-B (PEP-B, EC 3.4.11); 6-phosphogluconate dehydrogenase (6PGD, EC 1.1.1.44); phosphoglucomutase (PGM, EC 2.7.5.1); xanthine dehydrogenase (XDH). Eleven enzymes were run on 0.015 M Tris-ethylenediamine tetraacetic acid (EDTA)-borateMgCl2 buffer system, and MPI and 6PGD were run on 0.05 M Tris-malate pH 7.8 buffer system ).
Sampling design
At each of the eight locations (Table 1) sampled for genetic variation, approximately 40 individual plants (separated by more than 10 m) were randomly selected, and mature seed was collected from each plant. Seeds were exposed to a heat shock of 80°C for 30 min to break the hard seed coat and allow water to penetrate. Seeds were then placed into sterile 9-cm plastic Petri dishes on sterile 9-cm Watman grade 1 filter paper moistened with autoclaved dH2O. The seeds were allowed to germinate for 2-3 weeks at room temperature. The cotyledons from 7-to 10-day-old seedlings were used as the sample material for allozyme electrophoresis analysis, with one seedling used per parent plant.
A subsample of three individuals per location was taken to screen the 13 enzyme systems listed previously. Four enzyme systems with seven polymorphic loci (ADH, GPI-1, GPI-2, PGM-1, PGM-2, 6PGD-1, 6PGD-2) were selected. These seven polymorphic loci were used to genotype 28-44 seedlings derived from each of the study locations.
A 500-m transect was used to sample plants systematically across the Londonderry location. Plants were sampled at distances of 10-20 m along the transect, such that seed was collected from 32 individuals at known distances from each other. The plants were genotyped for the seven polymorphic loci listed above.
Statistical analysis
Pollination experiment
The percentage fruit-set per plant was analysed by using a mixed-model ANOVAR (ANOVA/MANOVA in StatSoft Statistica for Windows release 4.5, 1993). The initial analysis had the following levels: 1, Treatment; 2, Location; 3, Site; and 4, Quadrat; with Plants as replicates (raw data = % fruit-set per plant). Treatment was a fixed factor and orthogonal to Location, Site and Quadrat. Location, Site and Quadrat were random factors, with Site and Quadrat nested in Location. Terms in the initial model that were not significant at P = 0.25 were pooled in the error, and new F-ratios were calculated. Variances were heterogeneous in the data set (Cochran's test). Neither use of transformations, nor eliminating lower levels from the model, reduced heterogeneity of variances entirely. The ANOVAR of the percentage fruit-set per plant (modified as described previously) was retained, and ␣ adjusted downward to 0.01 to guard against increased risk of Type I error (Underwood 1997) . Comparison among means after ANOVAR was not attempted because of the heterogeneity of variances (Day & Quinn 1989) .
To test whether seed viability differed among the four pollination treatments, a (row ϫ column) G-test of independence was carried out on the data pooled across locations within each treatment (Sokal & Rohlf 1995) .
Genetic analysis
The observed phenotype frequencies were used to calculate the allele frequencies for the eight locations. The observed level of heterozygosity was tested against the level of heterozygosity expected under HardyWeinberg equilibrium conditions using the 2 method. F statistics were used to evaluate the level of genetic subdivision within and among populations in relation to the total population (Wright 1965 (Wright , 1978 Nei 1977) . The relationships between all populations were calculated using BIOSYS-1, release 1.7 (Swofford & Selander 1989) . The genetic structure of the Londonderry location was estimated using spatial autocorrelation.
The autocorrelation coefficient, Moran's I (Cliff & Ord 1981; Epperson & Li 1997) , was calculated from the allele frequencies of individuals and the sample locations data using the FORTRAN program SAAP (Warterberg 1989) .
RESULTS
Pollination experiment
Fruit was set in all the pollination treatments (open, closed, self and cross; Fig. 2) . Dillwynia tenuifolia is capable of producing fruit (and seed) from both selfand cross-pollination events, consistent with having a facultative breeding system. The level of fruit-set in treatments varied little at the location and site level (interactions of location and site with Treatment not significant at P > 0.25; Table 2 ).
Differences among pollination treatments were significant (Table 2) Terms in original four-way ANOVA that were not significant at P = 0.25 were pooled in the error term (see Methods section). Cochran's test C1,48 = 0.212, P < 0.05; ␣ reduced to 0.01. vs open pollination; Fig. 2 ), suggesting that fruit-set in unbagged flowers is not limited by lack of pollen.
The viability of seeds was high (83.7% in open, 85.5% in closed, 84.6% in self, and 80.1% in cross pollination treatments), and not significantly different among treatments (G = 1.997, d.f = 3).
Genetic analysis
The preliminary survey of 16 loci revealed that the level of genetic variation within locations was high, with a mean of 1.84 alleles per loci, with 44-81% of loci polymorphic at the eight locations investigated (Table 3) .
Heterozygous individuals were under-represented at all locations, leading to an average inbreeding coefficient of 0.31 over the seven polymorphic loci studied using larger sample sizes (Table 4) . This species has a moderate level of inbreeding at all locations investigated. There was a large number of cases (23 of 56) where there was a significant deviation from Hardy-Weinberg equilibrium (at the 0.01 ␣-level).
Deviations were present in all populations and across all loci investigated.
There was little genetic divergence (FST < 0.05) between the eight locations spanning the geographical range of the species. The fixation indices of individuals relative to their subpopulation and to the total population were large (FIS and FIT > 0.15), suggesting that there is genetic structuring within locations.
At Londonderry, neighbouring D. tenuifolia plants were closely related (Moran's I > 0.4; Fig. 3) . The point at which I first equals zero indicates the average radius of the genetic neighbourhood in the sampled location (Legendre & Legendre 1983 ). The genetic neighbourhood at Londonderry has a radius of approximately 60 m (Fig. 3) , giving a circular area of 1.1 ha.
Based on the size of the genetic neighbourhood, the plant density at the site and the area covered, the effective population size was 9400 plants, with approximately 110 genetic 'patches' (of equivalent size to the genetic neighbourhood) in the total Londonderry population.
DISCUSSION
Dillwynia tenuifolia has a facultative breeding system (being both self-and cross-compatible; Fig. 2 ). This was the conclusion from the pollination experiment, and was confirmed independently by the genetic analysis (f = 0.31; Table 4 ). The breeding system found here for D. tenuifolia differs from that of Dillwynia hisipida and Dillwynia uncinata, which have been shown to be obligate outcrossers (Gross 1990 ).
The interpretation of the results of the pollination experiment could be questioned because of the methodology used to bag flowers. Flowers were selected for bagging that opened on the day of treatment and, consequently, there was a brief period when the flowers were open before being bagged. Cross-pollination by pollen vectors during this period remains a possibility. In the extreme case, D. tenuifolia could be an obligate outcrosser. However, if something other than a facultative breeding system occurred in D. tenuifolia, this would have shown up in the genetic analysis. We would argue, on the consistency of the evidence from both sources, that the breeding system is facultative.
High levels of genetic variation were observed in all study locations of this species, despite D. tenuifolia having a restricted geographical range and specific habitat requirements (Table 3 ). The genetic variation observed in D. tenuifolia was greater than usually found for plants with similar life-history traits and for plant species in the family Fabaceae (Hamrick & Godt 1996) .
Moreover, there was little genetic differentiation among study populations of D. tenuifolia (FST < 0.05). The reason for this is unknown, but could be because of a high level of gene flow through the effective movement of pollen between populations. This seems unlikely, as this species is pollinated by native bees, which could not travel between disjunct populations. Alternatively, the species may have formerly been more continuously distributed over its range, and recently become restricted to its current distribution of separate populations.
By comparison, genetic structuring at the local scale was high (FIS values) , indicating large differentiation between individuals within subpopulations. Genetic structuring within plant populations can arise from limited pollen and seed dispersal at the local scale. In Dillwynia the primary seed dispersal distance is short (generally 0-2 m), through seeds being ejected short distances upon dehiscence (Berg 1975) . Secondary seed dispersal by ants (myrmecochory) is widespread in the Fabaceae (Berg 1975; Rice & Westoby 1981) . The scale of spatial genetic structure can be affected by ant dispersal (Peakall & Beattie 1995) .
Spatial autocorrelation analysis was used to determine the scale of genetic structuring within the Londonderry population. The population has a high level of structuring and fits an isolation-by-distance model in which there is limited seed dispersal, creating groups of closely related plants or 'family patches' (neighbouring plants I > 0.4; Fig. 3 ). The genetic neighbourhood size was estimated to be 1.1 ha in area and the effective population size to be approximately 10 000 plants for D. tenuifolia at Londonderry.
Studies using a similar approach have identified quite different patch sizes in different species. These range from no structuring (e.g. Caujape-Castells et al. 1999) , to species with structuring in the 5-20-m range (Kang & Chung 1997; Shapcott 1998; Chung & Epperson 1999; Chung 1999; He et al. 2000) , to species with structuring at only <5 m (Montalvo et al. 1997; Stehlik & Holderegger 2000) . Dillwynia tenuifolia is notable in the larger patch size observed (approximately 60-m radius) compared with those reported for other plant species. The present study highlights the importance of carrying out the analysis of population structure at a range of scales. Without the fine-scale analysis it would have been easy to interpret the lack of divergence among populations as due to high-level gene flow between them. The study by Montalvo et al. (1997) showed a similar result.
The large populations found at most of the study locations for D. tenuifolia may be subdivided, allowing genetic divergence between 'patches' in the same population (Londonderry; Fig. 3 ). Sampling across the entire population in the genetic analysis consequently lead to the observed deficiency in heterozygotes compared with expectations from the Hardy-Weinberg equilibrium (Wahlund effect).
Populations at most of the study locations of D. tenuifolia are too large to be threatened through genetic drift. South Maroota and Three Poles have the smallest population sizes (in terms of area and plant density; Table 1 ) and consist of less than one estimated genetic neighbourhood. However, both have similar observed levels of heterozygosity and genetic variation to the larger populations. Present population sizes at these two locations would have to persist over many generations to cause a detectable reduction in heterozygosity (Barrett & Richardson 1986; Barrett & Kohn 1991) , because of the relatively large number of plants present (>100 plants; Table 1 ).
Although the populations of D. tenuifolia studied are all genetically stable in the short term, smaller less-connected populations may ultimately be in danger through the loss of suitable habitat leading to population crashes and genetic bottlenecks. Many roadside populations (<20 plants; P. D. Rymer et al., pers. obs.) may be threatened directly as a result of genetic drift.
